Haploid tobacco (Nicotiana tabacum L.) cell cultures derived from quite different cultivars have been grown photoautotrophically in medium lacking sucrose and with 1.6 pM naphtbaleneacetic acid and 1.5 AM isopentenylamino.
purine. Cells were grown for 5 months on agar medium in Petri plates in air with dry weight increases of 1.5-to 3-fold per month. Callus cells were also grown photoautotrophically for at least three consecutive transfers 3 weeks apart in shallow liquid medium in horizontally placed gaswashing bottles where they were gassed continuously with air or air enriched with CO2. Raising the CO2 level in the air surrounding the cells increased the growth rate, and after about 3 weeks in 1% CO2 the dry weight was approximately 3-fold greater than the inoculum. Growth rates remained about the same after each consecutive transfer. Autotrophic growth with this regime is not restricted to specific clones or cultivars.
Photosynthetic measurements in an atmosphere containing "4CO2 established that rates of CO2 assimilation in the callus cells at high CO2 levels were similar to those of leaves on a chlorophyll basis, but were much slower on a fresh weight basis. Photosynthetic light saturation was achieved at an irradiation of about 125 ,ueinsteins m-2 sec-1 (400-700 nm). The availability of photosynthetically dependent haploid cells provides an opportunity to select photosynthetic mutations which can be expressed in plants regenerated from these cells.
Despite the widely held view that plant cell cultures are not photosynthetically self-sufficient a few cases of photoautotrophically grown plant cells have been reported (2, 6, 7, 10) . For the most part the results from other laboratories have been only partially successful. Photoautotrophy either could not be maintained continuously or the property was limited to specific clones and the growth data documenting continuous photoautotrophy and photosynthesis were not provided.
We were interested in obtaining autotrophic callus growth as one of several possible means of selecting for increased net photosynthesis because of a slowed photorespiration (21) . By modifying a standard medium (14) Leaves of 918.11 had a fast photorespiration in the "4C-assay (19) and a net photosynthesis of only 16.7 mg CO2 per dm2 -hr. Leaves (14) with substitution of the Fe-EDTA solution of Kasperbauer and Collins (12) and with 16 jAM naphthaleneacetic acid (3 mg/l), 1.5 ;AM isopentenylaminopurine (0.3 mg/l), and 2% sucrose. The other organic constituents added to the medium were inositol (100 mg/l) and thiamin (1 mg/l). Photoautotrophic cultures were grown on this medium lacking sucrose and with 1.6 jAM naphthaleneacetic acid (0.3 mg/l). In some experiments, where indicated, photoautotrophic cultures were grown without any organic supplements.
One per cent agar was used for solid media and Petri plates were sealed with 1-inch rubber bands. Experiments in which cultures were aerated with air or air-CO2 mixtures at flow rates of 6 to 10 ml/min were conducted in horizontally placed 500-ml gas washing bottles with small volumes of liquid media forming a shallow liquid phase (e.g., 1 g of tissue in 10 ml of medium). The incoming gas mixture passed through a cotton filter anda 0.20-,um membrane filter in an in-line filter holder. The outlet line was also protected by a 0.2-jAm filter. Fresh medium was added in 10 ml volumes by inserting a sterile hypodermic needle into the proximal portion of the surface-sterilized outlet line. This arrangement gave better results than earlier methods utilizing 0.5 to 1 g of tissue per 100 ml volume of media mechanically stirred and aerated through submerged sintered glass filters at flow rates of 20 to 30 ml/mmn. (3) .
Assay for Photosynthesis. Three hundred to 500 mg of callus tissue in small (approximately 1-4 mm.) pieces were placed in 75-ml Warburg vessels containing a shallow layer (1.5 ml) of water. Vessels serving as dark controls were covered with aluminum foil throughout the experiment. In the standard assay, flasks were incubated in a water bath at 30 C with 325 ,ueinsteins m-2 sec-' (400-700 nm) of irradiation for 30 min. Twenty-six ,umoles of NaHl4C03 solution were added to the sidearm. The manometer taps were closed, 0.1 ml 0.8 N H2SO4 was injected through a serum cap to release 14CO2 to the atmosphere (final '4CO2 concentration was 0.75%), and incubation was resumed. To stop the reaction, flasks were removed and injected with I ml of a solution of 95 % ethyl alcohol-1 N HCI (4:1). Tissues were homogenized in a TenBroeck homogenizer and the extracts were brought to volume of 25 ml. A 1-ml sample was added to 10 ml of Aquasol (New England Nuclear) and the radioactivity was determined in a scintillation counter.
RESULTS
Growth and Photosynthesis of Autotrophic Callus. Dry weight increase was used as an indicator of growth. Growth data for the liquid-grown tissue and assays of photosynthesis of these tissues are shown in Table I . The dry weight increases correlate with the level of CO2 supplied. Cells grown on high CO2 also showed higher rates of CO2 assimilation than did air-grown cells. These photosynthetic rates are about 2%o of values obtained for tobacco leaves at saturating CO2 levels on a fresh weight basis, but are comparable to leaves on a Chl basis (20) . JWB' su callus has been maintained under these conditions for 3 months. A 2.7-to 3.1-fold increase in dry weight was observed in each of three 3-week 1 Abbreviation: JWB: John Williams Broadleaf. Inclusion of 10 mm MES in the medium prior to adjustment to pH 6 eliminated this pH change during growth but did not enhance the growth rate (Table I) .
Although both cultures grew well as liquid-bathed, C02-treated callus, they differed in growth responses when illuminated on sucrose-free agar media plates in normal air. Photoautotrophic growth from small inocula of cell line 918.11 was not demonstrated on solid medium in air. Only a few of the inocula appeared to grow and continuous growth from consecutive transfers was not maintained. A large proportion of the subculture of JWB su grew in each passage and cultures were maintained for five passages over a period of 5 months. Growth data for JWB su on solid medium are shown in Figure 1 . Cells were grown at light intensities of 120 to 240 ,ueinsteins per m2 sec (400-700 nm), which was sufficient to provide saturation. The time course for CO2 assimilation in the light and in the dark in JWB su and 918.23 cultures grown for 3.5 weeks on sucrose-free solid medium is shown in Figure 2 its more efficient incorporation of "4CO2 in the assay shown. Alterations in the period of illuminated preincubation and in media used for incubation (water, Linsmaier-Skoog medium with sucrose, mannitol, or no carbon source) did not affect the photosynthetic rates observed and rates were proportional to fresh weight of material used in the range tested, from 0.35 to 1 g.
Heterotrophic growth (2 %, sucrose) on plates or in liquid media was 4 to 13 times faster than corresponding autotrophic growth (see Table II ). A further example comes from early experiments with gas washing bottles, using larger volumes of liquid medium (100 ml/g tissue), mechanical stirring, and aeration through submerged sintered glass filters at rates of 20 Linsmaier-Skoog (2%S sucrose) medium was reduced to onetenth of the usual concentration (to 1.6 ,M), all cultures appeared greener (and had high Chl content in examples assayed) and this distinction between lines was less evident. An increase in Chl content when the naphthaleneacetic acid content was decreased in the medium has also been observed by others (2, 8, 13, 16) . This lower level of naphthaleneacetic acid was routinely used in the sucrose-free media. Cells grown heterotrophically with decreased naphthaleneacetic acid levels assimilated "4CO2 at rates greater than standard Linsmaier-Skoog-grown cells and in some cases at rates comparable to autotrophically grown tissue.
Although autotrophic caffi on sucrose-free media containing 1.6 ,UM naphthaleneacetic acid were hard and compact in appearance, and increases in the ratio of dry to fresh weight were observed after autotrophic growth, there was no macroscopic evi- dence of organ formation in these cultures. In contrast, after several weeks (and at least two passages) on Linsmaier-Skoog medium containing 2%c sucrose with 1.6 Mm naphthaleneacetic acid, shoot formation did occur in several cases.
Growth in the Absence of All Organic Supplements. Tissue from heterotrophically and autotrophically grown cultures of JWB su was transferred to Linsmaier-Skoog medium lacking all organic supplements (sucrose, inositol, thiamin, and hormones). Growth data for these cultures are shown in Table III .
DISCUSSION
The experiments described here document prolonged photoautotrophic growth of several lines of tobacco cells derived from plants with very different backgrounds. Such cells require light and CO2 for growth (Table I, Figs. 1 and 2 ) and a lower concentration of naphthaleneacetic acid than is generally used in Linsmaier and Skoog (14) medium. In fact cultures will grow photoautotrophically on agar medium without any hormones or growth factor supplements (Table III) . Buffering against pH change in the media during growth with 10 mm MES at pH 6 did not enhance growth. It is probable that the growth rates shown in Table I are underestimates, because although the growth period lasted 22 to 23 days for each passage, visual observations indicated that little growth occurred during the 1st week after inoculation.
Photosynthesis in leaves of higher plants is saturated at high irradiation at about 0.10%0 CO2 in air (20) , while in callus cultures growth rates increase at least up to concentrations of 1.0% CO2 in air. Photosynthetic capacity ('4CO2 fixation rate in light minus dark) likewise increased about twofold at the higher CO2 levels (Table I) . This is not surprising since the diffusive resistance to CO2 must be very great in the absence of stomatal pores. Rates of CO2 assimilation on a Chl basis of 200 to 300 Mmoles/mg Chlhr (Table I) at high CO2 concentrations compare favorably with values of about 500 ,moles/mg Chl-hr obtained for tobacco leaves at saturating CO2 levels (20) . The Chl content of callus tissue, however, is much lower than in leaves, 30 Ag/g fresh weight as compared with about 1500 ,g.
The modifications in growth regime which were used to achieve autotrophy were suggested to us by reports from earlier workers studying chloroplast development or photosynthesis in cell cultures of various species. Substitution of low levels of naphthaleneacetic acid for 2,4-D was shown to enhance photosynthesis in tobacco (2) and to increase Chl content in sucrose-grown cultures of Atropa belladonna (8) and tobacco (16 (6) . High levels of CO2 stimulated autotrophic growth in tobacco cultures (2), increased CO2 fixation in carrot cultures grown autotrophically for two weeks (10) , and were used for continuous autotrophic growth of a particular clone of Ruta graveolens (7) and several clones of tobacco (6) .
The haploid cell lines used in this study were obtained from plants previously characterized with respect to net photosynthesis and photorespiration. The cell line which seems to be most readily adaptable to autotrophic growth (JWB su) was derived from a variety shown by Zelitch and Day (22) to have unusually slow photorespiration for tobacco and fast net photosynthesis. The two lines derived from the Connecticut Shade variety were selected because of large differences observed in net photosynthesis of excised whole leaves and in photorespiration in leaf disks. The more efficient lines were able to grow on plates with sucrosefree agar medium (Table II) , whereas the inefficient line frequently succumbed. Under these growth conditions, CO2 concentration is severely limiting and photorespiration would be expected to have a large effect. However, the two cell lines showed similar growth responses when grown in horizontally placed gas washing bottles in liquid media aerated with either normal air or C02-enriched air. Quite similar growth rates were observed at 1%C C02, a concentration which is presumably inhibitory to photorespiration (20) . Determination of photorespiratory rates in callus tissue is hampered by the lowChl content resulting in low photosynthetic rates per gram of tissue. We have preliminary evidence that differences in photorespiration can be detected in callus cells by means of the "4C-assay (19) and that glycolate is produced in this tissue.
The availability of autotrophic cell cultures presents the opportunity to use somatic cell cultures for selection of mutants with altered photosynthetic capacity. For this purpose, it is highly desirable to extend autotrophic cell culture to cell suspensions. Although the isolation of a mutant plant selected from primary callus has been accomplished (15) , the use of suspension cultures for mutagenesis and selection has yielded several types of mutant plants (5, 18) and has more general applicability. Fine cell suspensions of tobacco are typically grown with 2,4-D and in the dark (e.g., 9, 17) and clumping of cells has been observed in suspensions grown with naphthaleneacetic acid (8, 16) . Thus our growth regime has not been conducive to the formation of fine cell suspensions and indeed extensive clumping was observed in suspension cultures. We shall attempt to isolate mutants from callus and also to obtain autotrophic suspensions for use in mutant isolation.
The observed strain-specific differences in autotrophic capacity suggest the possibility of useful selections based on vigorous autotrophic growth. Selective methods specifically affecting photorespiration, such as resistance to the Warburg effect (inhibition of CO2 assimilation by high levels of 02) appear to be more promising for cell cultures (11) .
Note Added in Proof. Subcultures of the photoautotrophic cells of JWB su (Table I) have been continuously maintained in shallow liquid culture a total of 7 months. The cultures are now in their eighth passage. The ratio of harvest/inoculum dry weight for the seventh passage (3 week duration) was 2.6.
